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Introduction
High velocity (defined here as having an exit velocity of approximately 2000 m/s) solid armature railguns frequently undergo a change in armature-rail electrical contact commonly referred to as "transition". A post-transition environment is characterized by enhanced rail damage and a drastic increase in the rail voltage (Abrams et al., 2007) . The increase in rail voltage is consistent with a contact resistivity on the order of typical plasma resistivities (Abrams et al., 2007) . It is thus generally accepted that transition indicates the point at which the electrical contact "transitions" from either solid or liquid contact (depending on the specific conditions pre-transition) to plasma contact. It is also generally accepted that this plasma must come from arc discharge, although no quantitative justification of this can be found, nor are there any detailed models for arcing contact in solid armature railguns. The present paper investigates an alternative possibility for plasma generation in the armature-rail interface, namely, thermal vaporization of armature material. The model will attempt to address whether or not this mechanism can account for the amount of armature material lost in the post-transition environment.
The difference between "arc plasma" and "thermally vaporized plasma" may not be obvious. Although nearly identical in composition, the mechanism of their generation is key to the problem at hand. A thermally vaporized plasma is generated by the phase transition from solid to liquid, to vapor and finally plasma. This transition happens due simply to the presence of a high temperature source heating the plasma source material. In the present model it is assumed that the high temperature source is a plasma already in existence, the source of which can be debated, but is not of critical importance here now. It may come from an initial arcing, or from a gaseous hot spot, or simply from Joule heating of a weekly conductive vapor.
Plasma generation by means of an electric arc is a very different phenomenon. Electric arcs involve cathode and anode spots which leave distinct surface features on their respective surfaces, which themselves contribute to ablative material loss, entirely independent of the arc. The arc itself is a highly localized, high temperature plasma which causes physical damage to the contact surfaces (known as ablation) that is entirely separate from thermal vaporization (Boxman, 1995) . The simplest way to conceptualize the differences between arcing and vaporization as plasma generation mechanisms is that arcing is an extremely complex and violent process, while thermal vaporization is comparatively simple and predictable.
Although there has been progress in recent years with technology to delay transition, it appears that transition will always occur for high velocity railguns, albeit for a short distance. Note that any contact transition yields significant rail damage and contributes to decreasing the operational lifetime of the launcher (Zielinski and Denny, 2009 ).
Overview of Stefan & Interface Model
The physical configuration of the post-transition interface is taken to be as follows. There exists a gap in the rail-armature interface that is filled with plasma. The plasma is composed of vaporized armature material, taken here to be atomic aluminum; the possibility of plasma generated by ionized air is neglected. According to melt-wave theory, the interface condition just prior to transition involves the current flowing through a liquid contact environment (Barber et al., 2003) . Thus, it is assumed that the armature surface is in a liquid state. The geometry adopted is shown in figure 1 . Any boundary layer effect or heat flux to the rails is neglected in the present model, as is the motion of the rails. The method of Stefan is used to model this problem. A Stefan problem is essentially a heat transfer problem with an additional constraint equation (Crank, 1987) . The Stefan condition accounts for phase transition of the heating surface, and determines the rate at which the surface recedes. Stefan originally developed this condition for modeling the melting of glaciers in seawater. In that case, the Stefan condition is applied at the ice/seawater interface and determines the rate at which the surface of the ice recedes. For the present application, the liquid-plasma interface, which is labeled as a in figure 1, is to be tracked. The solid-liquid interface recedes slowly compared to the recession of interface a. Thus, the Stefan problem is represented as a single phase model of the liquid armature. The Stefan condition at a is given as equation 1.
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The Stefan condition is a form of the energy conservation equation at the liquid-plasma interface. The first term represents the energy absorbed to move interface a via vaporization at the rate / . The second term is the energy exiting the interface by thermal diffusion into the liquid, where is the temperature in the liquid armature at a, and is the thermal conductivity of liquid aluminum. The third term is energy added to the interface via black body radiation from the plasma. The remaining variables in equation 1 are defined as follows: is the specific internal energy of the gas, which includes translational, heat of vaporization, and the first three ionization levels. Gas pressure in the interface is given as , while gas mass density is . =2294 kg/m 3 is the mass density of liquid aluminum, is the Stefan-Boltzmann constant, and is the steady state plasma temperature in the interface.
Initially, equation 1 was solved computationally. However, it was found that the temperature gradient at a is extremely small in relation to the other terms. Neglecting the temperature gradient allows for the analytical solution of equation 1, given as equation 2. An analytical solution yields much more physical insight. This result can also be used directly in the fluid model presented below. Note that is itself a function of T.
(2)
The model for the plasma in the interface is inspired by Powell's model for ETC capillaries (Powell et al., 1992) . The simplified mass, momentum, and energy conservation equations are solved in the plasma interface, given assumptions of the state of the plasma at the front and back of the interface. It is assumed that the plasma flows out the interface at the back of the armature (at ) at the isothermal sound speed due to the plasma pressure in the interface (choked flow), namely, , where is Boltzmann's constant, and is the mass of an aluminum ion. At the front end of the interface, the plasma velocity is assumed to be zero. This is not an entirely physical assumption, but allows for the solution of the conservation equations involving only one fluid. If inflow velocity were taken into account, a two fluid model would have to be used as the incoming fluid would be the ambient atmosphere. This ambient inflow would mix with the plasma in the interface, dropping the temperature and resulting in a decreased surface recession rate. The results of using this assumption thus generate the largest surface recession rate possible under the theoretical framework of a vaporizing armature.
The gas pressure and density are related by the expression . The steady state, isothermal mass, momentum and energy conservation equations, under the assumptions listed previously, reduce to the expressions given as equations 3, 4 and 5, respectively. The subscript "0" denotes values at the leading (stagnant) edge of the plasma interface, while subscript denotes values at the outflow of the plasma interface (Powell et al., 1992) .
The energy conservation expression (equation 5) must be solved numerically for after the expressions for and are inserted. Included in equation 5 is Joule heating of the plasma column, where is the total electric current through the column, is the plasma electrical conductivity, and is the width of the contact region. The ablation rate is defined in terms of the recession rate of the liquid-plasma interface as ,
where is defined in figure 1 as the height of the liquid armature-rail gap. This is synonymous with the height of the plasma column in the model.
The total internal energy at the outlet is expressed as /2, where is the specific internal energy of the gas in the interface, which includes ionization effects via Saha equilibrium (Powell, 1992) . The specific internal energy is thus
where =1.09x10 7 J/kg is the heat of vaporization of liquid aluminum, is the ionization fraction for the ionization level, and 1,3 . The electron fraction is defined as 2 3 , and obviously 1 . The ionization potentials, , for the first three ionization levels of atomic aluminum are listed in table 1. It is assumed that the electron excitation energy is negligible, which is generally true when the plasma will exist in multiple ionized states. The ionization fractions are defined by the Saha equation,
Due to the analytical solution to the Stefan problem, the model reduces to numerically solving equations 5 and 8, noting that equation 8 is itself a set of three coupled equations. This is achieved using a multivariable root finding algorithm in the commercial software Mathematica.
The variables solved for directly are the plasma temperature and the three ionization fractions, , , and , while / is determined from equation 2.
Although not used in the present calculations, note that it is possible to reduce the above system of equations (equations 2, 3, 5, and 6) to a very simple solution for the plasma temperature by neglecting the kinetic energy of the gas with regard to its internal energy. Under this assumption, the exact form of the specific internal energy (equation 7) drops out and we are left with ,
which is similar in form to the result obtained in Powell et al., 1992 , but for non-cylindrical geometry. If equation 9 is used, then only equation 8 needs to be solved computationally.
Results & Implications
For the calculations contained in this report, the plasma in the post-transition interface is assumed to be composed of atomic aluminum generated by armature vaporization, thus =13 amu. The electrical conductivity was chosen as a typical order of magnitude estimate for plasma conductivity, specifically =10 4 S/m (Marshall, 1986) . The remaining parameters are estimated from the two-dimensional armature model developed by Powell et al., 2005 . The total electrical current, length and width of the interface that carries the current are estimated to be =6×10 5 A (Zielinski and Denny, 2009 ), =5 mm (Powell et al., 2005) , and =2 cm (total width of armature via author's measurements) respectively. A range for the thickness of the plasma filled gap is used, with the maximum taken to be =1.0 mm. Shown in figure 2 are photographs of the sample armature referenced for physical dimensions. This armature was part of an experimental sequence presented in Zielinski and Denny, 2009 . Note that there is significant preferential corner erosion and a sharpening of the trailing edge of the armature contact regions. This wear pattern will be discussed further later, especially with regard to the inconsistencies it provides with the current model. The results obtained by using =0.50 mm are shown in table 2. The variation of , / , the ionization fractions, and the specific internal energy as functions of the armature-rail gap size, , are presented graphically in figure 3. Visual inspection of post-transition armatures shows that a minimum of 0.5 mm of material must be lost from each rail-facing side of the armature in the post-transition interface. By iterating the surface recession as a function of time, assuming an initial gap spacing of =0.001 mm, the 0.5 mm gap can be achieved in 875 µs. Typical post-transition transit times for this armature/current configuration are on the order of 1500 µs, thus there is plenty of time for thermal vaporization to remove the necessary amount of material. There are problems with this result, however. The total surface recession and the recession rate for this iterative solution are shown in figure 4 . Extracting the recession rate from figure 4 and matching that to a plasma temperature from figure 3a shows that the temperature very quickly exceeds 60000 K. At this temperature, approximately 50% of the vapor is in the third ionized state. When more than half of the vapor is in the highest ionized state modeled, this typically means that higher ionization states must be included. However, the idea that the aluminum plasma in the interface is in the fourth ionized state or higher is unlikely given typical ablation/plasma generation problems never reach this level of ionization. Equally unlikely is the idea that the plasma temperature in the interface can exceed 70000 K. This high temperature poses a serious problem for plasma confinement. In the present thermal vaporization mode, the plasma can only be generated in the small region where the electric current is confined. However, visual analysis of transitioned armatures show damage is not confined to a narrow region at the trailing edge of the armature (see figure 2 ). This implies that the plasma expands outside the generation region, which is logical given the high plasma pressure. However, if the plasma expands, that will significantly decrease the plasma density and temperature (recall that the current carrying region is on the order of a few millimeters). Any decrease in plasma density or temperature will cause a significant decrease in the vaporization rate, as shown in figure 3a . Also, if plasma expansion were happening, one would expect to see uniform damage at the armature-rail contact region. If plasma expanded into a less confined region, then the vaporization rate would decrease. Thus, more uniform wear should result. On the contrary, significant wear is seen at the edges of the armature (at sharp corners).
The implication from the model is that simple thermal vaporization is likely not responsible for the armature damage observed, due to the need for unrealistically high temperature, persistent, unconfined plasma to exist in the interface. Rather, the wear mechanism must generate a much higher surface recession rate at lower temperatures, while also accounting for preferential corner/edge volume loss. The most likely candidate is arcing electrical contact.
Requirements for an Arcing Contact Interface Model
As discussed above, simple thermal vaporization cannot explain the pattern of wear seen on recovered transitioned armatures, nor the volume of material lost. A potential solution for both the non-uniform armature wear pattern and the higher total mass loss is the existence of arcing contact in the post-transition interface.
The fundamentals of arcing electrical contact are best presented elsewhere (Boxman, 1995) . The relevant fact here is that arcing solves the two problems presented above. First, arc plasma temperatures can be extremely high, resulting is very large, yet localized, ablation rates. Secondly, electric arcs naturally prefer sharp corners and peaks as discharge locations. This preference for sharp edges will result in preferential corner erosion and help to explain the armature wear patterns seen on recovered transitioned armatures.
If the development of an arcing contact transition interface is pursued, there are unique considerations that must be included that do not appear in any other application. Typically, arc gaps are on the order of a few centimeters or larger. In the armature-rail interface, gap spacings can reach one millimeter, but are likely a few tenths of a millimeter for most of the armature inbore transit time. Small gap spacings can result in a loss of the definition between the cathode spot, plasma column, and anode spot regions, which may necessitate a drastically different modeling framework than is typically used in arc discharge. Further complicating this phenomenon is the large electrical current that must be accommodated by the arc. Typical arc discharges involve currents in the range of a few milliamps up to tens of kiloamps. Railgun currents are routinely several mega-amps (Powell et al., 2005) . This large current means that many models for plasma ionization and thermal conduction in the arc must be modified or replaced altogether. It is unclear what specific physical phenomena are important when this large current is combined with small gap spacing. A considerable effort must be undertaken to investigate this combination of factors if an accurate model of arcing contact in the armature-rail interface is to be pursued. This effort will obviously involve extensive theoretical and computational work, but may necessitate experimental work as well in order to validate computational models or probe any "new physics" that may arise given the combination of small gap spacing and high currents.
Conclusion
Presented was a model for the post-transition interface encountered in solid armature railguns under the assumption that the interface is categorized by thermal vaporization of the armature. In the model, the vaporized armature material is thermally ionized and carries the electric current through the armature-rail gap. The model indicates that the vaporization rate is sufficient to account for the total volume of armature material lost in the post-transition environment, however, it fails to explain the pattern of armature wear seen on recovered transitioned armatures. These results indicate that the post-transition interface is likely categorized by arcing contact. The unique challenges presented by arcing contact in the armature-rail interface are discussed briefly to provide a roadmap to future researchers. 
